F luoroscopy is commonly used in many orthopaedic procedures. Image intensifiers have allowed orthopaedic surgeons to become more technically proficient and have decreased patient morbidity by decreasing operative time 1 . Intraoperative fluoroscopy is a necessity in orthopaedic procedures such as intramedullary nailing of long-bone fractures, insertion of pedicle screws, and kyphoplasty [2] [3] [4] [5] [6] [7] [8] . Consequently, we continue to be concerned about the exposure of the patient, surgeon, staff, and anesthetists [9] [10] [11] . The risk of radiation exposure appears to vary according to the surgical procedure and the anatomical location [12] [13] [14] . In particular, the surgeon's hands, thyroid gland, and eyes receive obvious exposure to radiation [15] [16] [17] [18] [19] . We previously reported on the measurement of radiation with use of cadavers, and the results of that study showed that the measurement of radiation was valid and reproducible 20 . The exposure dose received during fluoroscopy should be minimized in agreement with the well-known ALARA ("as low as reasonably achievable") principle 21 . It is well known that exposure time, distance from the radiation source, and barriers against radiation exposure are important factors for reducing the radiation exposure dose 22 . In order to reduce radiation exposure during fluoroscopy, we have focused on techniques such as positioning of the C-arm, pulsed fluoroscopy, and collimation 1, [23] [24] [25] [26] . Although some studies have examined the effects of reducing the radiation exposure dose by using pulsed fluoroscopy and collimation 27, 28 , we are not aware of any comprehensive studies that have accurately replicated clinical situations to evaluate the reduction in the radiation exposure dose associated with different fluoroscopic procedures. The purpose of the present study was to evaluate the reduction of radiation exposure dose resulting from C-arm fluoroscopy when using pulsed and collimated x-ray beams.
Materials and Methods

W
e performed a cadaver study that was designed to replicate operative situations accurately. In this study, Six real-time dosimeters (arrows) were mounted onto individual arrays that were fixed to an adjustable jig when the x-ray source was positioned lateral to the cadaver. we replicated a common method for intraoperative navigation with use of a C-arm fluoroscopic system on defrosted fresh cadavers that were not preserved in formalin. Real-time dosimeters were used to measure the radiation exposure doses. Seven fresh cadavers (5 male and 2 female) were used. The mean height was 160 cm (range, 140 to 172 cm), the mean body weight was 57.9 kg (range, 45.5 to 71.0 kg), and the mean body mass index (BMI) was 22.6 kg/m 2 (range, 18.2 to 24.5 kg/m 2 ). The mean lateral width of the trunk was 30 cm (range, 23 to 40 cm), and the mean anteroposterior width of the trunk was 15 cm (range, 12 to 22 cm). The present study was approved by the ethics committee of our university hospital.
Instrumentation
All radiation exposures were performed with use of a C-arm fluoroscopic system (Clearscope1000 [SXT-1000A]; Toshiba Medical Systems). The machine was manufactured in 2014.
The distance from the x-ray source to the image receptor was 75 cm. An adjustable radiolucent surgical table (MOT-1700; Mizuho Medical) was used to position the cadavers. Six real-time dosimeters (MY DOSE mini; Hitachi) with identical settings were mounted onto individual arrays that were fixed to an adjustable jig (Fig. 1 ). This type of dosimeter can accurately detect exposures ranging from 1 mSv to 999 mSv.
C-Arm Settings and Fluoroscopy Techniques
The C-arm fluoroscopic system was set to automatic mode so that technical factors (i.e., kilovolt peak [kV] and milliampere [mA] values) were adjusted automatically to optimize image quality. The C-arm fluoroscopic system was tested in 3 different configurations: under the table (Fig. 2-A) , over the table (Fig. 2-B) , and lateral ( Fig. 2-C) . The distance between the x-ray source and the table was set to 25, 50, and 20 cm, respectively, for these positions. For each position, the cadavers were The positions of the dosimeters when the x-ray source is over the radiolucent table. The C-arm fluoroscopic system was operated with a continuous x-ray beam or a pulsed x-ray beam. In addition, we examined the use of collimation. To evaluate the effect of pulsed fluoroscopy, we tested 3 different configurations: continuous irradiation (not pulsed), pulsed at a frequency of 8 times per second (hereafter referred to as 8-pulse fluoroscopy), and pulsed at a frequency of 4 times per second (hereafter referred to as 4-pulse fluoroscopy). All 3 configurations were tested without collimation. Then, to assess the effect of collimation, we measured the radiation exposure doses with and without collimation under continuous fluoroscopy (Fig. 3) . The size of the collimated radiation field was set to 10 · 10 cm so as not to interfere with the field of view.
Dosimeter Positioning
Six real-time dosimeters with identical settings were mounted onto individual arrays as follows.
X-Ray Source Position: Under or Over Table
When the x-ray source was located under or over the radiolucent table (Figs. 2-A and 2-B), the first dosimeter was placed on the body surface at the center of the image (S1). The second and third dosimeters were placed on the body surface at 8 cm and 15 cm from the center of the image, respectively (S2 and S3). The fourth dosimeter was fixed at 15 cm from the center of the openaccess.jbjs.orgimage, in the air at an angle of 20°, and was used to simulate the surgeon's hand (H). The fifth dosimeter was fixed at 50 cm from the center of the image, in the air at an angle of 45°, and was used to simulate the surgeon's thyroid gland (T). The sixth dosimeter was fixed beneath the table under the cadaver (B). When the xray source was under the table, the B dosimeter measured the direct radiation exposure of the patient, and the other 5 dosimeters measured the scatter radiation exposure of the surgeon.
When the x-ray source was over the table, the S1 dosimeter measured the direct radiation exposure of the patient, and the other 5 dosimeters measured the scatter radiation exposure of the surgeon.
X-Ray Source Position: Lateral Position
When the x-ray source was placed at the lateral position ( Fig. 2-C ), the first dosimeter was placed on the body surface at the center of the image of the side of the x-ray source (s1). The second dosimeter was placed on the body surface at the center of the image on the intensifier side (contralateral body surface) (s2). The third and fourth dosimeters were fixed at 15 cm and 50 cm in the air at angles of 20°and 45°on the x-ray source side, respectively, and were used to simulate the areas of the operator's hand and thyroid gland (h1 and t1), respectively. The fifth and sixth dosimeters were fixed at 15 cm and 50 cm in the air at angles of 20°and 45°on the intensifier side (contralateral body surface), respectively, and were used to simulate the areas of the assistant surgeon's hand and thyroid gland (h2 and t2), respectively. The s1 dosimeter measured the direct radiation exposure of the patient, and the other dosimeters measured the scatter radiation exposure of the operator and the assistant surgeon. 13.0 ± 6.5
*The values are given as the average and the standard deviation. B indicates the direct radiation exposure dose to the patient's skin. S1, S2, S3, H, and T indicate the scatter radiation exposure doses to the surface of the body with the dosimeters in different locations on the patient, the surgeon's hand, and the surgeon's thyroid gland, respectively. †8-pulse/continuous = 37.5%. ‡4-pulse/continuous = 22.3%. §4-pulse/continuous = 31.8%. #Collimation/no collimation = 73.6%. **8-pulse/continuous = 67.6%. † †8-pulse/ continuous = 65.4%. ‡ ‡4-pulse/continuous = 29.1%. § §Collimation/no collimation = 75.6%.
Monte Carlo Simulation
To evaluate the experimental results of collimation, we performed a Monte Carlo simulation (code EGS5) 29 . The patient was simulated with use of a water phantom, which is usually used in phantom studies for computed tomography (CT) examination 30 . The simulation was performed with the over and under-the-table settings (Fig. 4-A) as well as the lateral setting (Fig. 4-B) . The same dosimeter positions represented in Figures 2-A, 2 -B, and 2-C were adopted. Theoretical x-ray spectra 31 were used, and areas of radiation fields were set to be the same as those in the experiment. Our simulation was performed so as to obtain statistical uncertainty of <1%. In the simulation, we derived the photon fluence u(E) for the beam incident on the analysis regions (spherical regions). Then, air kerma, which is equivalent to the dose measured in the experiment, was calculated 32 according to the formula
where E and m tr /p indicate energy and the mass energy transfer coefficient, respectively.
Results
W
e measured the radiation exposure doses with and without pulsed fluoroscopy and with and without collimation for each x-ray source position. Tables I, II, The direct radiation dose of the B dosimeter was substantially lower with pulsed fluoroscopy than with continuous fluoroscopy, and the dose ratio when 8-pulse fluoroscopy was compared with continuous fluoroscopy was 37.5% (Table I [y]). Furthermore, the scatter radiation doses of the H and T dosimeters were substantially lower with pulsed fluoroscopy than with continuous fluoroscopy. The dose ratios when 8-pulse fluoroscopy was compared with continuous fluoroscopy for the H and T dosimeters were estimated to be 67.6% and 65.4%, respectively (Table I [**, yy]). Similar trends were observed for the dose ratios when 4-pulse fluoroscopy was compared with continuous fluoroscopy (Table I [z, §, zz]).
Source Over the Table
The direct radiation dose of the S1 dosimeter was substantially lower with pulsed fluoroscopy than with continuous fluoroscopy. The dose ratio when 8-pulse fluoroscopy was compared with continuous fluoroscopy for the S1 dosimeter was 39.5% (Table II [y] ). Furthermore, the radiation doses for the H and T dosimeters were substantially lower, with dose ratios of 82.3% and 70.9%, respectively (Table II [ 
§, yy]).
A similar trend in dose ratios was observed when 4-pulse fluoroscopy was compared with continuous fluoroscopy (Table  II [z, #, zz]).
Source Lateral
The direct radiation dose of the s1 dosimeter was substantially lower with pulsed fluoroscopy than with continuous fluoroscopy, and the dose ratio when 8-pulse fluoroscopy was compared with continuous fluoroscopy was 30.5% (Table III [y] ). Furthermore, the scatter radiation exposure doses of the h1 and t1 dosimeters with pulsed fluoroscopy were substantially lower than those with continuous fluoroscopy, and the dose ratios when 8-pulse fluoroscopy was compared with continuous fluoroscopy for the h1 and t1 dosimeters were estimated to be 63.2% and 62.7%, respectively (Table III [ §, yy] ). Similar trends in dose ratios were observed when 4-pulse fluoroscopy was compared with continuous fluoroscopy (Table III [z, #, zz).
Radiation Exposure Doses with and without Collimation (Continuous Fluoroscopy)
Source Under the Table
The doses of the H and T dosimeters were substantially lower with collimation than without collimation; the dose ratios when collimated fluoroscopy was compared with noncollimated fluoroscopy for the H and T dosimeters were estimated to be 73.6% and 75.6%, respectively (Table I [#, § §]). The same trends were observed for the H and T dosimeters with the source over the table and for the h1 and t1 dosimeters with the source in the lateral position.
Source Over the Table
The dose ratios when collimated fluoroscopy was compared with non-collimated fluoroscopy for the H and T dosimeters were estimated to be 68.3% and 72.2%, respectively (Table II  [ *S1 indicates the direct radiation exposure dose to the patient's skin. S2, S3, H, and T indicate the scatter radiation exposure doses to the surface of the body with the dosimeters in different locations on the patient, the surgeon's hand, and the surgeon's thyroid gland, respectively. †These values are used as the standard values. ‡These measurement points are just within the radiation fields (see Discussion). §These measurement points are far away from the phantom (see Discussion). #s1 and s2 indicate the direct radiation exposure dose to the patient's skin. h1, h2, t1, and t2 indicate the scatter radiation exposure doses to the surgeon's and assistant's hands and thyroid glands, respectively.
Source Lateral
The dose ratios when collimated fluoroscopy was compared with non-collimated fluoroscopy for the h1 and t1 dosimeters were estimated to be 73.3% and 69.9%, respectively (Table III [**, § §]). Figure 5 shows the computer graphical representation of the simulated x-rays. Many scattered x-rays were outside the field of view, and those for non-collimated fluoroscopy were obviously more numerous than those for collimated fluoroscopy. The numerical values of the simulated absorbed dose are summarized in Table IV . The dose ratios when collimated fluoroscopy was compared with non-collimated fluoroscopy for S1, S2, S3, s1, and s2 were estimated to range from 50% to 101%; that is, a large difference was noted. The dose ratios when collimated fluoroscopy was compared with non-collimated fluoroscopy for B were estimated to be 88% and 100%, with no significant difference, while those for H, T, h1, h2, t1, and t2 were estimated to range from 58% to 68%, indicating seemingly constant values. The model confirms that there was lower exposure when collimation was used.
Simulated Doses Using Monte Carlo Methods
Discussion
W hen intraoperative fluoroscopy is used in orthopaedic procedures, the surgeon has the highest radiation risk among all personnel in the operating room because of his or her proximity to the exposure area 33, 34 . The radiation exposure for the surgeon is primarily due to scattered x-rays, although the hands often suffer direct exposure 35 . The biological effects of radiation exposure at higher doses are well known to include cataracts, thyroid cancer, and skin cancer 36 . It is recommended that orthopaedic surgeons endeavor to limit cumulative perprocedure exposure to radiation 37 . Measurements directly in the beam (including the overthe-table S1, under-the-table B, and lateral s1 locations) showed no difference with collimation. Collimation typically decreases scatter to the periphery. The experimental results were consistent with the simulated results for both noncollimated and collimated fluoroscopy. This result is explained by a consideration of the physics involved; in the radiation field, the exposure dose caused by the direct x-rays was much higher than that caused by the scattered x-rays. On the other hand, some measurement points-H and T for the over and underthe-table settings and h1, h2, t1, and t2 for the lateral setting-were not located in the radiation fields and were far away from the cadaver. Although the disadvantage of collimation is a fractional reduction in the field of view, the exposure doses to surgeons are reduced by approximately 35%, as shown in Table  IV . Therefore, we strongly suggest that the surgeons limit the field of view by using a collimator installed in the fluoroscopic equipment.
It can be assumed that the exposure dose rate for a pulse rate of 8 times per second is likely to be double the dose rate of 4 times per second. Most of the experimental results indeed showed such doubling, although the values were not exactly double. The inconsistencies between the above assumption and the experimental results may arise from the realistic configurations used for x-ray irradiations. The pulsed x-ray beam can be created with use of a complicated electrical circuit. Control of the rise time, irradiation time, and fall time for the x-ray irradiation affects the measured exposure doses. However, these 3 times are difficult to measure, and direct measurement of the exposure doses is therefore important. As Tables I, II, and  III clearly show, the use of pulsed fluoroscopy indeed reduced the exposure doses. We recommended that surgeons assess image quality with use of phantoms before operating on patients with use of the C-arm fluoroscopic system; when surgeons are satisfied with the image rendered by pulsed fluoroscopy, they can use pulsed x-ray fluoroscopy for reducing exposure doses. Continuous fluoroscopy typically records at least 30 images per second, which allows the surgeons to view the images without perceived flickering between the images. Pulsed fluoroscopy decreases the frequency at which these images are obtained to a few frames per second 38 . Therefore, the radiation dose is decreased by reducing the time during which the x-rays are generated.
In the present study, we systematically quantified the reduction in radiation exposure sustained by patients and surgeons during the use of a C-arm fluoroscopic system. Our results indicated that radiation exposure doses from the C-arm equipment in the lateral position were dramatically reduced in association with the use of pulsed fluoroscopy and collimation. With use of pulsed fluoroscopy, direct radiation exposure doses to the patient's skin as well as the scatter radiation exposure doses to the surgeon's hand and thyroid gland were reduced to about 30% (8-pulse/s) and 70% (4-pulse/s), respectively, as compared with continuous fluoroscopy (Tables I, II, and III) . Similarly, with use of collimation, the scatter radiation exposure dose to the surgeon's hand and thyroid gland were reduced by approximately 65% (Tables I, II, and III) . Both pulsing and collimation are under the control of the surgeon and have the potential to reduce the radiation exposure of surgeons, patients, and staff.
The present study had some limitations. First, the sizes of the cadavers were relatively small. When larger patients are irradiated with use of fluoroscopy in the automatic mode, the tube voltages are automatically adjusted to higher values to achieve adequate penetration and thereby acceptable images. However, the reduction in the exposure dose caused by altered fluoroscopic techniques is expected to occur irrespective of patient size. Second, in the present study, we did not investigate the resolution of the images when using pulsed fluoroscopy. In essence, continuous fluoroscopic images offer better spatial resolution than pulsed fluoroscopic images 39 . However, for most orthopaedic procedures, pulsed fluoroscopy should be adequate to confirm fracture reduction and to guide implant placement. Despite its limitations, the present study provides data regarding the reduction in radiation exposure by using altered fluoroscopic techniques.
In summary, surgeons can minimize radiation exposure by understanding the physics of radiation and maximizing the use of safety techniques offered by their specific fluoroscopy units. In particular, the use of pulsed fluoroscopy and collimation can reduce radiation exposure to the hands and the thyroid. 
